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Abstract 
Mackinawite is a naturally-occurring layer type FeS mineral well-known to be important 
in biogeochemical cycles and, more recently, to the development of microbial fuel cells. 
Conflicting results have been published as to the magnetic properties of this mineral, with 
Mössbauer spectroscopy indicating no magnetic ordering and density functional theory 
predicting an antiferromagnetic ground state, similar to the Fe-based high-temperature 
superconductors with which it is isostructural and for which it is known that magnetism is 
suppressed by strong itinerant spin fluctuations. We investigated this latter possibility for 
mackinawite using photoemission spectroscopy (PES), near-edge X-ray absorption fine structure 
spectroscopy (XAS), and density functional theory (DFT) computations. Our Fe 3s core-level 
PES spectrum of mackinawite showed a clear exchange-energy splitting (2.9 eV) consistent with 
a 1 µB magnetic moment on the Fe ions, while the Fe L-edge XAS spectrum indicated rather 
delocalized Fe 3d electrons in mackinawite similar to those in Fe metal. DFT computations 
demonstrated that the ground state of mackinawite is single-stripe antiferromagnetic, with an Fe 
magnetic moment (2.7 µB) that is significantly larger than the experimental estimate and has a 
strong dependence on the S height and lattice parameters. All of these trends signal the existence 
of strong itinerant spin fluctuations. If strong spin fluctuations are the mediators of electron pairing
in these Fe-based superconductors, we conjecture that mackinawite may be one of the simplest 
Fe-based superconductors. 
 
 
PACS numbers: 75.20.-g, 79.60.-i, 71.15.Mb, 74.25.Ha 
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     I. INTRODUCTION 
Mackinawite (tetragonal FeS)1 is a layer type mineral comprising Fe(II) arranged in 
tetrahedral coordination with S(-II) on a square lattice to form edge-sharing FeS4 tetrahedral 
sheets stacked along the c-axis and stabilized via van der Waals forces (Fig. 1). Its lattice 
parameters (P4/nmm space group) are a = b = 3.674 Å and c = 5.033 Å.2 In nature, this mineral 
is typically the first solid phase to be precipitated during iron sulfide mineralization mediated by 
sulfate-reducing bacteria.3-5 Over time, extending up to two years in anoxic sediments, it 
transforms into greigite (Fe3S4), pyrrhotite [hexagonal or monoclinic Fe(1-x)S, 0 < x < 0.2], pyrite 
(FeS2), or, depending on redox conditions, elemental S and Fe.6-9 Mackinawite is known to 
influence the mobility and bioavailability of environmentally-important trace elements, notably 
through processes involving either sorption10, 11 or oxidative dissolution,12-14 and it figures in the 
well-known iron-sulfur hypothesis on the origin of life.15 Very recently, Nakamura et al.16 
demonstrated that cell-enmeshed assemblies of mackinawite produced by the Fe-reducing 
bacterium, Shewanella loihica PV-4, function efficiently as electron-transfer conduits and, 
therefore, have potential for use as bioanode materials in microbial fuel cells.   
The electronic properties of mackinawite are not as clearly established as its structural 
parameters. An electrical conductivity for mackinawite is not available, but the mineral has been 
considered to be metallic (i.e., highly delocalized Fe 3d electrons) based on its short Fe-Fe 
distance (2.60 Å), which is close to that in elemental iron (2.48 Å for α-iron). Mössbauer 
spectroscopy indicates that mackinawite has no magnetic ordering down to 4.2 K.17, 18 The 
spectra exhibit one singlet without quadrupole splitting and hyperfine coupling (isomer shift 0.2 
mms-1 with respect to elemental iron) between room temperature and 4.2 K, and application of 
high magnetic fields (3 T) does not reveal an internal field contribution from electrons. This 
temperature-independent Mössbauer behavior along with the short Fe-Fe distance lead one to 
hypothesize that mackinawite is only Pauli paramagnetic.19 Recent density functional theory 
structural optimizations of mackinawite, however, have come to opposing conclusions about the 
magnetic moment on the Fe ions. Devey et al.20 concluded that the stable ground state of the 
mineral is non-magnetic (NM), whereas Subedi et al.21 proposed that ground state mackinawite 
with the experimental crystal structure should have a substantial magnetic moment on its Fe ions. 
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Mackinawite in fact has magnetic characteristics that are remarkably similar to those of 
the Fe-based high-temperature superconductors with which it is isostructural (e.g., FeSe0.88 with 
Tc = 12 K and LaFeAsO0.89F0.11 with Tc = 26 K).22, 23 (The layer type FeAs compounds have La, 
O, and F atoms interposed as spacers between edge-sharing FeAs4 tetrahedral sheets.) These 
compounds exhibit the same temperature-independent Mössbauer spectral features down to 4.2 
K as found for mackinawite and they show no internal magnetic field under applied magnetic 
fields up to 7 T.24-26 In the case of undoped LaFeAsO, which does not undergo a superconducting 
transition, a small magnetic moment on the Fe ions (0.36 μB) has been observed,24 whereas in 
FeSe, a magnetic moment has not been observed regardless of the stoichiometry.25 By contrast, 
density functional theory (DFT) studies predict that these layer-type Fe-based compounds, either 
doped or undoped, have a magnetic ground state, in particular, one with antiferromagnetic 
(AFM) single-stripe ordering (Fig. 2), with a large magnetic moment on the Fe ions (2 μB).27-31 
This conflict between Mössbauer spectroscopy and DFT calculations can be resolved if the 
existence of strong itinerant spin fluctuations is hypothesized: the ground state is indeed 
magnetic with AFM ordering, but spin fluctuations suppress this magnetism, and, therefore, 
Mössbauer spectroscopy detects no magnetic ordering and conventional DFT cannot capture the 
essential physics.32, 33 These spin fluctuations also are believed to be associated with electron 
pairing as important mediators in the Fe-based superconductors.34, 35  
Direct experimental evidence for the existence of strong itinerant spin fluctuations in 
layer type Fe-based superconductors has been obtained by measuring the Fe 3s core-level 
photoemission spectrum.36, 37 Multiplet splitting occurs in the spectrum mainly by the exchange 
interaction of core 3s electrons with the net spin of 3d electrons.38-40 If Fe ions have no magnetic 
moment, no splitting is observed.41 Itinerantly-magnetic Fe materials (e.g., CeFeAsF0.11O0.89 and 
NbFe2) that are non-magnetic according to Mössbauer spectroscopy exhibit a large Fe 3s core-
level splitting, corresponding to an Fe magnetic moment of about 1 μB.36, 42-45  
Besides this spectroscopic evidence, the existence of spin fluctuations is signaled by a 
large DFT over-estimation of the Fe magnetic moment as compared to experiment.32, 33 DFT in 
fact typically under-estimates the Fe magnetic moment in strongly-correlated materials (e.g., α-
Fe2O3). A strong dependence of the Fe magnetic moment on the z-coordinate of the ligand (e.g., 
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S or As) along the c axis is also commonly observed in layer type Fe-based superconductors.33, 46 
Subedi et al.21 reported a significant increase in the Fe magnetic moment with elevation of the S-
ligands in mackinawite above their location as found by conventional DFT optimization, thus 
suggesting the presence of strong itinerant spin fluctuations akin to those in Fe-based 
superconductors.  
In this paper, we report conclusive spectroscopic evidence and DFT calculations 
supporting the existence of strong itinerant spin fluctuations in mackinawite. We examine the Fe 
3s core-level photoemission spectrum and Fe L-edge spectra of the mineral collected by using 
photoemission spectroscopy (PES) and X-ray absorption spectroscopy (XAS). Total energy, 
structural parameters, and Fe magnetic moment are compared among NM, AFM, and 
ferromagnetic (FM) ordering in DFT calculations with the generalized gradient approximation 
(GGA). 
 
II. METHODOLOGY 
A. Experimental measurements 
Mackinawite samples were synthesized under strictly anoxic conditions in a glove box 
consisting of a mixture of H2 (3.7 %) and N2, by mixing 450 L of 0.5 M Fe(II) solution 
[(NH4)2Fe(SO4)2·6H2O] with 450 L of 0.42 M S(-II) solution [Na2S·9H2O] in 20 mL of 10 mM 
HEPES buffer solution (pH = 6.8, background electrolyte = 0.3 M NaCl). All solutions and 
suspensions were prepared using degassed Milli-Q (18 M) water. The mineral formed instantly 
after mixing the solutions (1 – 10 ms)4. Mackinawite samples allowed to react for 5 mins were 
then drop-casted onto an Au plate for XAS (resp. to a Si plate for PES) and sealed in a glass vial 
inside the glove box before loading into the spectroscopy chamber via a loadlock under a N2 
atmosphere on the same day of sample synthesis. The short reaction time was chosen to prevent 
precipitation of a mixed Fe(II)/Fe(III)-S phase (e.g., greigite), which is saturated under these 
experimental conditions. 
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The XAS and PES measurements were performed on beamlines 8.0.1 and 9.3.2, 
respectively, at the Advanced Light Source, Lawrence Berkeley National Laboratory. For XAS, 
the undulator and spherical grating monochromator supply a linearly-polarized photon beam. 
The XAS spectra were collected by measuring both sample current (i.e., total electron yield, 
TEY) and fluorescent yield (i.e., total fluorescence yield, TFY). All XAS spectra were 
normalized to the beam flux measured with a clean gold mesh. Resolution was better than 0.2 eV, 
and the base pressure at RT was 8 × 10-10 Torr during XAS measurements. The PES data were 
collected at a photon energy of 490 eV using a Scienta R4000 HiPP spectrometer47. Overall 
resolution was about 0.2 eV. The base pressure at RT during the PES measurements was 3 × 10-
10 Torr. We also tested air-exposed FeS samples as well as samples reacted for 65 mins in the 
mixed solution: both cases exhibit extra features on the main absorption peak in Fe L-edge XAS 
spectra indicating oxidation of Fe(II), which were not detected in the spectra utilized in this work. 
The consistency in the XAS spectra between TEY and TFY further indicated that there was in 
fact no significant surface oxidization.  
B. Computational details 
All calculations for the NM, FM, AFM-checkerboard, AFM-single-stripe and AFM-
double-stripe orderings (Fig. 2) were performed with the CASTEP code,48 which implements 
DFT using a plane-wave basis set under periodic boundary conditions and ultrasoft 
pseudopotentials under GGA-PBE.49 In layer-type tetrahedral Fe materials, an Fe 
pseudopotential treating the Fe p states in the valence (as opposed to core) under PBE is essential 
to obtain the same stable magnetic ordering (i.e., AFM-single-stripe) as found by full-potential 
all-electron methods.27 Mazin et al.27 have pointed out that an Fe pseudopotential parameterized 
with the p states in the core (i.e., not in the valence) will incorrectly predict the AFM-
checkerboard magnetic ordering as being unstable compared to the NM ground state. In our 
study, we employed an Fe pseudopotential treating both 3s and 3p states in the valence, the 
valence electron configuration thus being 3s23p63d64s1.75 (for S, it was 3s23p4). The number of 
non-local projectors was one for each s state (3s and 4s) and two each for the 3p and 3d states. 
The core radius of Fe was 2.2 a0 and that for S was 1.70 a0; the value of qc for kinetic energy 
optimization was set at 5.5 Ry1/2. Our pseudopotentials tested very well against published results 
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(e.g., structural parameters and band structure) of all-electron methods for FeS2 (NM ground 
state) and FeO (AFM ground state).50, 51  
The plane-wave basis sets were expanded to a kinetic energy of 400 eV with a 14 × 14 × 
11 k-point grid52 or equivalent k-spacing for AFM-stripes to achieve an atomic force 
convergence << 0.01 eV/Å and a total energy convergence << 0.0001 eV. For the energy vs. 
lattice parameter curves, a 7 × 7 × 5 k-point grid or equivalent k-spacing for AFM-stripe 
orderings was used with the force and total energy convergence << 0.03 eV/Å and << 0.005 eV, 
respectively. The electronic energy was minimized with the density-mixing approach53 using a 
partial occupation scheme (Gaussian smearing = 0.01 eV, with smearing effects on total energy 
<< 0.0001 eV). The BFGS procedure54 was followed for geometry optimization with the 
maximum atomic force tolerance at 0.03 eV/Å. Under DFT/GGA a clear binding energy between 
FeS4 tetrahedral sheets is not found with respect to relaxation of the c lattice parameter because 
of unaccounted-for van der Waals interactions between the sheets; thus the value of c was fixed 
at 5.033 Å, the experimental value, in all geometry optimizations. When the lattice parameter a 
(= b) was relaxed during geometry optimization, the residual atomic force and the root-mean-
square stress after the optimization were << 0.01 eV/Å and << 0.02 GPa, respectively.  
 Elasticity coefficients (Cij) were calculated for the NM and AFM-single-stripe orderings 
using the finite-strain technique, which determines stress tensors for a strain homogenously 
applied to an equilibrium structure.55 The strain applied to the unit cell was < 0.004, and the 
corresponding stress was calculated implementing a 0.006 eV/Å force convergence and a 14 × 
14 × 11 (or equivalent for AFM-single-stripe) k-point grid. The calculated elasticity coefficients 
all satisfied the Born criteria for tetragonal crystals: C11 > 0, C33 >0, C44 > 0, C66 > 0, C11 − C12 > 
0, C11 + C33 −2C13 > 0 and 2(C11 + C12) + C33 + 4C13 > 0.56 
 
III. RESULTS AND DISCUSSION 
A. X-ray absorption and photoelectron spectra 
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The Fe L23-edge XAS spectrum corresponds to the excitation of Fe 2p core electrons to 
unoccupied Fe 3d states and thus is very sensitive to the local bonding environment of Fe. The 
mackinawite Fe L23 XAS spectrum (Fig. 3a) shows its line shape is very similar to that for the 
Fe-based superconductors57, without the multiplet structure which appears in spectra of Fe 
oxides such as hematite (α-Fe2O3). While layer type FeAs compounds show a weak shoulder on 
the L3 peak around 707 eV, mackinawite has an L3 peak as sharp as that seen for Fe metal (See 
supplementary material, Fig. S1), which is indicative of a strong delocalization of Fe 3d 
electrons as expected from the short Fe-Fe distance (2.48, 2.60, 2.67, and 2.85 Å for Fe metal, 
FeS, FeSe, and LaO1-xFxFeAs, respectively). This narrow peak, observed in both TEY and TFY 
modes, confirms also that there was no discernible oxidization of the mackinawite surface during 
sample preparation and that the sample had essentially one type of local Fe bonding environment.  
Figure 3b is the Fe 3s core-level PES spectrum. The spectrum can be fitted by using two 
clear peaks with a splitting energy of 2.9 (± 0.2) eV. This Fe-3s exchange splitting energy (ΔE3S) 
matches that of the superconductor36, CeFeAsF0.11O0.89 (Tc = 55 K), which corresponds to an Fe 
local magnetic moment of about 1 µB based on an empirical relationship between ΔE3S and the 
spin moment in Fe-based materials (Fig. 4). [As Bondino et al.36 (see also the references therein) 
have discussed in detail, the linear relationship is valid among Fe-based ionic compounds and 
itinerant systems, but a poor relationship is expected if a ligand bound to Fe is of low 
electronegativity in an insulating compound because the effects of charge transfer (from the 
ligand to Fe-3d state) on photoemission final-state screening becomes main features in the 3s 
spectrum rather than the exchange.58, 59] While Mössbauer spectroscopy does not detect magnetic 
ordering (or the presence of an Fe magnetic moment) in mackinawite,17, 18 the short intrinsic 
timescale of PES (10-15 s, compared to 10-7 s for Mössbauer spectroscopy) allows this technique 
to reveal the existence of a local Fe moment in mackinawite, apparently for the first time, 
providing direct evidence for strong Fe-based spin fluctuations.36   
B.  DFT optimizations 
Our DFT results (Fig. 5) show that an AFM-single-stripe ground state of mackinawite is 
energetically more favorable than NM by 90 meV and AFM-checkerboard by 51 meV. This 
finding is consistent with other DFT studies of layer-type Fe-based materials (e.g., FeSe and 
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LaO1-xFxFeAs).27, 28, 30  Although AFM-double-stripe ordering is known to be the ground state of 
FeTe60, 61 which is also isostructural with mackinawite, we found that in mackinawite double-
stripe ordering is not energetically more favorable than single-stripe ordering. The FM ordering 
has a much higher total energy and a larger a lattice parameter at the energy minimum than do 
the other magnetic orderings. We found in fact that an initial FM ordering spontaneously 
transforms into a zero net magnetic moment configuration during geometry optimization if the 
lattice parameter a is lower than about 3.8 Å, as also has been reported in DFT studies of FeS,62 
FeSe,30 and LaOFeAs.63  
The Fe 3s core-level PES and DFT results both indicate a non-vanishing Fe magnetic 
moment in mackinawite, but the DFT estimate of the Fe magnetic moment (2.7 µB, Table I) in 
the optimal AFM-single-stripe ordering is much too high as compared to the estimate made from  
ΔE3S measured in our PES experiment. This over-estimation is another indication of itinerant 
spin fluctuations, as in the Fe-based superconductors.32, 33 We have also estimated the Fe 
magnetic moment from a plot of the calculated exchange energy for Fe 3s states against the 
experimental spin state (Fig. 4), which shows a linear correlation. (The calculated energies 
appear to be systematically lower than experimental values. This can be attributed to the neglect 
of excited states that occur in a PES experiment.) Based on the linear correlation, we can 
estimate the Fe magnetic moment to be 1.6 µB.  
Our calculated density of states (DOS) for both NM and AFM-stripe FeS (Fig. 6) 
indicates a metallic nature, with the dominant contribution near the Fermi energy coming from 
Fe 3d states as a result of direct intralayer Fe-Fe interactions, a result which is consistent with the 
general DOS features of layer-type tetragonal Fe compounds.29, 30, 64 The bandwidth at the Fermi 
energy is about 4.5 eV (from − 2.5 eV to 2.0 eV), which is close to that in bcc Fe (6.0 eV) and 
indicative of significant electron delocalization, but with the DOS at the Fermi energy (EF) being 
much lower than that in bcc Fe, as noted also for FeSe and layer type FeAs materials.21 In order 
for a FM state to be stable relative to a non-spin-polarized NM state, the Stoner criterion [N(EF)I 
> 1] must be met,65 where N(EF) is the DOS at the EF per atom per spin and I is the effective 
exchange interaction per pair of 3d electrons (typically about 0.7 to 0.9 eV for Fe). The 
instability of FM FeS below a = 3.8 Å (Fig. 5) is thus attributed to its low DOS at the EF.62 We 
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note in passing that the contribution of S 2p states to the DOS is very minor near the Fermi 
energy, which is in fact reflected by the sharp Fe-L3 peak in the XAS spectrum (Fig. 3a). 
The structural parameters of geometry-optimized mackinawite are very sensitive to the 
type of magnetic ordering (Table I). The lattice parameter a and the Fe-Fe distance for NM FeS 
are in very good agreement with experiment, while the AFM orderings exhibit a slightly larger a 
parameter than the experimental value [by about 2 % (AFM-checkerboard) or 4 % (AFM-single-
stripe)]. The Fe-S distance in NM FeS is smaller by about 3 % than the experimental value, 
while those for the AFM variants are very close to experiment (< 1 % over-estimation). In the 
double-stripe ordering, d(Fe-Fe) between Fe with parallel spins was shorter than that between Fe 
with anti-parallel spins, leading to P21/m symmetry within the tetragonal lattice. Full relaxation 
of the structure of AFM-double-stripe mackinawite turned it into a non-magnetic state. Our 
elasticity coefficient (Cij) calculations show a large compressional elastic anisotropy for both 
NM and AFM FeS, with AFM FeS being the more anisotropic: C11/C33 = 5.2 for NM; C11/C33 = 
6.8 for AFM-checkerboard; C11/C33 = 16.2 for AFM-single-stripe. This large anisotropy is 
attributed to weak van der Waals interactions among sheets stacked along the c axis, as opposed 
to the stronger bonding among the FeS4 tetrahedra within a sheet. Ehm et al.66 reported a highly 
anisotropic lattice compressibility based on high-pressure experiments, with the linear 
compressibility along the c axis being 5 to 7 times larger than that along the a axis. 
The NM calculation appears to reproduce the experimental mackinawite structure well. 
However, the z-coordinate of S along the c axis (ZS, Table I) is much more poorly predicted in 
NM FeS, even when constrained at the experimental lattice parameters (Table II), than that in 
AFM FeS, as is also seen for the As z-coordinate predicted in FeAs compounds.27, 33, 46 Magnetic 
ordering yields a much better ZS; in particular, excellent agreement with experiment is achieved 
with the AFM-single-stripe ordering with the experimental lattice parameters (Table II). We also 
found a sensitive relationship between structural parameters and the local Fe magnetic moment 
(Fig. 7). The latter drops rapidly with decreasing lattice a parameter and, therefore, Fe-S distance 
and ZS, particularly if a is near its experimental value (3.7 Å). This distinctive dependence of the 
magnetic moment on structural parameters, also observed in FeAs-based superconductors, is yet 
another indicator of strong itinerant spin fluctuations.32, 33, 46  
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Our Fe 3s core-level PES and DFT results both indicate the existence of strong itinerant 
spin fluctuations in mackinawite. We therefore conclude that mackinawite exhibits the magnetic 
characteristics of the high temperature Fe-based superconductors with which it is isostructural. If 
strong spin fluctuations are the mediators of electron pairing in these Fe-based superconductors, 
our findings allow us to conjecture that mackinawite may be one of the simplest Fe-based 
superconductors.   
 
ACKNOWLEDGMENTS 
Our computations used resources of the National Energy Research Scientific Computing 
Center, which is supported by the Office of Science of the U.S. Department of Energy under 
Contract No. DE-AC02-05CH11231. K.D.K. thanks Dr. A. Mehta for helpful discussion on 
experimental approaches. This research reported in this paper was supported by the Director, 
Office of Energy Research, Office of Basic Energy Sciences, of the U.S. Department of Energy 
under Contract No. DE-AC02-05CH11231. 
 
Supplementary materials (EPAPS) 
 Fe L-edge XAS spectra of Fe, FeS, SmO0.85FeAs, and Fe2O3 (Fig. S1).  
 
References and Notes 
1 D. Rickard, A. Griffith, A. Oldroyd, I. B. Butler, E. Lopez-Capel, D. A. C. Manning, and 
D. C. Apperley, Chem. Geol. 235, 286 (2006). 
2 A. R. Lennie, S. A. T. Redfern, P. F. Schofield, and D. J. Vaughan, Mineral. Mag. 59, 
677 (1995). 
3 A. R. Lennie and D. J. Vaughan, in Mineral Spectroscopy: A Tribute to Roger G. Burns, 
edited by M. D. Dyar, C. McCammon and M. W. Schaefer (The Geochemical Society, 
Houston, 1996), p. 117. 
4 D. Rickard and G. W. Luther, Chem. Rev. 107, 514 (2007). 
5 M. Pósfai, P. R. Buseck, D. A. Bazylinski, and R. B. Frankel, Am. Mineral. 83, 1469 
(1998). 
12 
 
6 S. Boursiquot, M. Mullet, M. Abdelmoula, J. M. Genin, and J. J. Ehrhardt, Phys. Chem. 
Miner. 28, 600 (2001). 
7 E. Bura-Nakic, A. Roka, I. Ciglenecki, and G. Inzelt, Electroanalysis 21, 1699 (2009). 
8 W. Davison, Aquat. Sci. 53, 309 (1991). 
9 A. R. Lennie, S. A. T. Redfern, P. E. Champness, C. P. Stoddart, P. F. Schofield, and D. J. 
Vaughan, Am. Mineral. 82, 302 (1997). 
10 J. H. P. Watson, B. A. Cressey, A. P. Roberts, D. C. Ellwood, J. M. Charnock, and A. K. 
Soper, J. Magn. Magn. Mater. 214, 13 (2000). 
11 M. Wolthers, L. Charlet, C. H. van Der Weijden, P. R. van der Linde, and D. Rickard, 
Geochim. Cosmochim. Acta 69, 3483 (2005). 
12 A. C. Scheinost and L. Charlet, Environ. Sci. Technol. 42, 1984 (2008). 
13 F. R. Livens et al., J. Environ. Radioact. 74, 211 (2004). 
14 M. Mullet, S. Boursiquot, and J. J. Ehrhardt, Colloid Surface A 244, 77 (2004). 
15 M. J. Russell and A. J. Hall, J. Geol. Soc. 154, 377 (1997). 
16 R. Nakamura, A. Okamoto, N. Tajima, G. J. Newton, F. Kai, T. Takashima, and K. 
Hashimoto, ChemBioChem 11, 643 (2010). 
17 D. J. Vaughan and M. S. Ridout, J. Inorg. Nucl. Chem. 33, 741 (1971). 
18 M. Mullet, S. Boursiquot, M. Abdelmoula, J. M. Genin, and J. J. Ehrhardt, Geochim. 
Cosmochim. Acta 66, 829 (2002). 
19 C. I. Pearce, R. A. D. Pattrick, and D. J. Vaughan, in Sulfide Mineralolgy and 
Geochemistry, 2006), Vol. 61, p. 127. 
20 A. J. Devey, R. Grau-Crespo, and N. H. de Leeuw, J. Phys. Chem. C 112, 10960 (2008). 
21 A. Subedi, L. J. Zhang, D. J. Singh, and M. H. Du, Phys. Rev. B 78, 134514 (2008). 
22 F. C. Hsu et al., Proc. Natl. Acad. Sci. U. S. A. 105, 14262 (2008). 
23 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am. Chem. Soc. 130, 3296 
(2008). 
24 S. Kitao, Y. Kobayashi, S. Higashitaniguchi, M. Saito, Y. Kamihara, M. Hirano, T. 
Mitsui, H. Hosono, and M. Seto, J. Phys. Soc. Jpn. 77, 103706 (2008). 
25 T. M. McQueen et al., Phys. Rev. B 79, 014522 (2009). 
26 Y. Mizuguchi, T. Furubayashi, K. Deguchi, S. Tsuda, T. Yamaguchi, and Y. Takano, 
Physica C, doi:10.1016/j.physc.2009.11.142 (2009). 
27 I. I. Mazin, M. D. Johannes, L. Boeri, K. Koepernik, and D. J. Singh, Phys. Rev. B 78, 
085104 (2008). 
28 J. Dong et al., Europhys. Lett. 83, 27006 (2008). 
29 S. Ishibashi, K. Terakura, and H. Hoson, J. Phys. Soc. Jpn. 77, 053709 (2008). 
13 
 
30 Y. F. Li, L. F. Zhu, S. D. Guo, Y. C. Xu, and B. G. Liu, J. Phys. Condens. Matter 21, 
115701 (2009). 
31 Z. Li, J. S. Tse, and C. Q. Jin, Phys. Rev. B 80, 092503 (2009). 
32 D. J. Singh, Physica C 469, 418 (2009). 
33 I. I. Mazin and M. D. Johannes, Nature Physics 5, 141 (2009). 
34 Lumsden and A. D. Christianson, J. Phys.: Condens. Matter 22, 203203 (2010).  
35 T. Hanaguri, S. Niitaka, K. Kuroki, and H. Takagi, Science 328, 474 (2010). 
36 F. Bondino et al., Phys. Rev. Lett. 101, 267001 (2008). 
37 F. Bondino et al., Phys. Rev. B 82, 014529 (2010). 
38 C. S. Fadley and D. A. Shirley, Phys. Rev. A 2, 1109 (1970). 
39 S. L. Qiu, R. G. Jordan, A. M. Begley, X. Wang, Y. Liu, and M. W. Ruckman, Phys. Rev. 
B 46, 13004 (1992). 
40 F. U. Hillebrecht, T. Kinoshita, C. Roth, H. B. Rose, and E. Kisker, J. Magn. Magn. 
Mater. 212, 201 (2000). 
41 The validity of this correlation had been questioned by Ref. 42 on the grounds that Fe 3s 
splitting was observed for NbFe2, a compound with an Fe magnetic moment assumed to 
be zero. However, a non-zero Fe magnetic moment was confirmed by NMR and DFT 
studies (Ref. 43 and 45) 
42 J. F. van Acker, Z. M. Stadnik, J. C. Fuggle, H. J. W. M. Hoekstra, K. H. J. Buschow, 
and G. Stroink, Phys. Rev. B 37, 6827 (1988). 
43 Y. Yamada and A. Sakata, J. Phys. Soc. Jpn. 57, 46 (1988). 
44 M. Brando, W. J. Duncan, D. Moroni-Klementowicz, C. Albrecht, D. Gruner, R. Ballou, 
and F. M. Grosche, Phys. Rev. Lett. 101, 026401 (2008). 
45 A. Subedi and D. J. Singh, Phys. Rev. B 81, 024422 (2010). 
46 Z. P. Yin, S. Lebègue, M. J. Han, B. P. Neal, S. Y. Savrasov, and W. E. Pickett, Phys. 
Rev. Lett. 101, 047001 (2008). 
47 M. E. Grass, P. G. Karlsson, F. Aksoy, M. Lundqvist, B. Wannberg, B. S. Mun, Z. 
Hussain, and Z. Liu, Rev. Sci. Instrum. 81, 053106 (2010). 
48 S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. J. Probert, K. Refson, and M. C. 
Payne, Z. Kristallogr. 220, 567 (2005). 
49 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996). 
50 J. Cai, I. Goliney, and M. R. Philpott, J. Phys. Condens. Matter 18, 9151 (2006). 
51 F. Tran, P. Blaha, K. Schwarz, and P. Novak, Phys. Rev. B 74, 155108 (2006). 
52 H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976). 
53 G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996). 
14 
 
54 B. G. Pfrommer, M. Cote, S. G. Louie, and M. L. Cohen, J. Comput. Phys. 131, 233 
(1997). 
55 V. Milman and M. C. Warren, J. Phys.: Condens. Matter 13, 241 (2001). 
56 I. R. Shein and A. L. Ivanovskii, Scr. Mater. 59, 1099 (2008). 
57 T. Kroll et al., Phys. Rev. B 78, 220502 (2008). 
58 S. J. Oh, G. H. Gweon, and J. G. Park, Phys. Rev. Lett. 68, 2850 (1992). 
59 L. Sangaletti, L. E. Depero, P. S. Bagus, and F. Parmigiani, Chem. Phys. Lett. 245, 463 
(1995). 
60 M. D. Johannes and Mazin, II, Phys. Rev. B 79, 4 (2009). 
61 F. J. Ma, W. Ji, J. P. Hu, Z. Y. Lu, and T. Xiang, Phys. Rev. Lett. 102, 177003 (2009). 
62 D. Welz and M. Rosenberg, J. Phys. C: Solid State Phys 20, 3911 (1987). 
63 F. Ma and Z. Y. Lu, Phys. Rev. B 78, 033111 (2008). 
64 D. J. Singh and M. H. Du, Phys. Rev. Lett. 100, 237003 (2008). 
65 E. C. Stoner, Rep. Prog. Phys. 11, 43 (1947). 
66 L. Ehm, F. M. Michel, S. M. Antao, C. D. Martin, P. L. Lee, S. D. Shastri, P. J. Chupas, 
and J. B. Parise, J. Appl. Crystallogr. 42, 15 (2009). 
15 
 
 
FIG. 1. (Color online) Crystal structure of mackinawite. Blue = Fe; Orange = S. 
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FIG. 2. (Color online) Three possible antiferromagnetic (AFM) orderings in mackinawite: (a) 
AFM-checkerboard, (b) AFM-single-stripe, and (c) AFM-double-stripe. Purple = spin-up Fe; 
Yellow = spin-down Fe. Solid line represents a crystallographic unit cell and dotted line 
represents a magnetic unit cell for each ordering. The Fe spin moments are ferromagnetically-
aligned between sheets.   
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FIG. 3. Experimental (a) Fe L23 XAS spectra and (b) Fe 3s core-level PES spectrum. TEY: total 
electron yield; TFY: total fluorescence yield. ΔE3s: multiplet splitting.     
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FIG. 4. (Color online) Relationship between the Fe 3s multiplet splitting (ΔE3s) and the net spin 
state (magnetic moment ≈ 2S µB, where S designates a spin state) for Fe-based materials. The 
experimental data (except for FeS) are from Ref. 36 and references cited therein. The calculated 
ΔE3s is the exchange energy of the 3s core-level in geometry-optimized FeS (AFM-single-stripe), 
Fe (FM), FeO (type II-AFM) and FeF3 (G-type AFM) as obtained in the current study.  
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FIG. 5. (Color online) Total energy per formula unit vs. the lattice parameter a in mackinawite 
for different magnetic orderings. Vertical line denotes the experimental a value.  
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FIG. 6. (Color online) Partial density of states (DOS) of geometry-optimized mackinawite in (a) 
NM (a = 3.655 Å) and (b) AFM-single-stripe (a = 3.832 Å) magnetic ordering. Vertical line 
represents the Fermi energy.  
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FIG. 7. Dependence of the calculated Fe magnetic moment of AFM-single-stripe mackinawite on 
the lattice parameter a. Vertical line represents the experimental a (= b) value.  
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TABLE I. Results of geometry optimization of mackinawite in different magnetic orderingsa .  
 
  NM 
AFM 
FM experimentb checker 
board 
single-
stripe 
double-
stripe 
a (Å) 3.655 3.752 3.833 3.814 3.961 3.674 
d(Fe-S) (Å) 2.192 2.258 2.287 2.347c 2.378 2.256 
d(Fe-Fe) (Å) 2.584 2.653 2.710 2.659/2.736 2.801 2.598 
ZSd 
0.240 
(-0.10 Å) 
0.250 
(-0.05 Å) 
0.248 
(-0.06 Å) 
0.258 
(-0.01 Å) 
0.262 
(+0.01 Å ) 
0.260 
 
Fe moment (|µB|) 0.0 2.4 2.7 3.0 3.4  
Total energye (meV) 0 -39 -90 +32 +308  
 
a  NM: non-magnetic; AFM: antiferromagnetic; FM: ferromagnetic ordering.  
b  Ref. 2. 
c  Additional d(Fe-S): 2.264 Å and 2.351 Å. See text. 
d The z-coordinate of S along the c-axis. Value in parenthesis is the deviation of S position from 
experiment. 
e  Total energy per formula unit relative to that of NM. 
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TABLE II. Structure, Fe moment, and total energy of mackinawite under DFT internal geometry 
optimization constrained by the experimental lattice parametersa. 
 
 NM AFM checkerboard 
AFM 
single-stripe experiment
a 
d(Fe-S) (Å) 2.195 2.238 2.248 2.256 
ZS 0.239 0.254 0.257 0.260 
Fe moment (µB) 0 2.2 2.2  
Total energyb (meV) 0 -27 – 61  
 
a  Experimental data from Ref. 2. Coordinates of all atoms were relaxed during geometry 
optimization with the lattice parameters fixed at a = b= 3.674 Å and c = 5.033 Å.   
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FIG. S1. Comparison of Fe L-edge XAS spectra for Fe metal, mackinawite, SmO0.85FeAs, and 
Fe2O3, as measured in the beamline 8.0 in the Advanced Light Source. Dashed curve, TFY 
mode; all others are TEY mode. The spectrum of Fe metal is from sputtered iron film. Details of 
the experimental conditions for Fe, SmO0.85FeAs, and Fe2O3 are described elsewhere [W. L. 
Yang, et al., Phys. Rev. B 80, 014508 (2009)]. 
 
 
